In this research, β-MnO 2 nanorods were synthesized by a hydrothermal method, followed by a facile precipitation method to obtain nanocrystalline CeO 2-δ 
Introduction
Oxygen storage materials (OSMs) that can store/release oxygen at elevated temperature or changeable oxygen partial pressure have potential applications in numerous oxygen-related energy and environmental fields, especially in catalysis. [1, 2] For example, OSMs based on ceria can be used as three-way catalysts for the conversion of automobile exhaust emissions (e.g., NO x , CO, and hydrocarbons) into harmless gases and H 2 O. [3] Since fuel (such as methane, CO, soot) oxidation into harmless CO 2 and H 2 O is of great importance to environmental protection and energy utilization, it is necessary to develop efficient and effective OSMs for the fuel oxidation reaction at relatively low temperatures. It is also crucial to comprehensively understand the mechanism of oxygen storage, transfer and release in OSMs.
In the past several years, OSMs based on transition metal species (e.g., Cu, Fe, Mn, Co) have attracted considerable attention due to their relatively low cost but high catalytic activity, as well as their changeable valences. [4] [5] [6] As an important transition metal element with variable oxidation states, manganese oxides (MnO 2 , Mn 2 O 3 , Mn 3 O 4 , or MnO), especially MnO 2 , have been widely studied as catalysts and catalyst supports for oxidation reactions because of their redox capabilities, high oxygen storage capacity in the crystalline lattice, abundant amount, relatively low price and environmental friendliness. [7] [8] [9] [10] [11] [12] However, the catalytic activity of pure MnO 2 is still not high enough, which may result from the poor oxygen transfer in pure MnO 2 at low temperature. [13] Various strategies have been adopted to improve the catalytic activity and oxygen transfer of MnO 2 , such as reducing their particle size to nanoscale and doping MnO 2 with other metal elements. [14, 15] Recently, it has been indicated that modifying the surface of MnO 2 with noble metals or other metal oxides is an effective strategy to improve their catalytic performance and oxygen transfer property; [16] [17] [18] however, the high prices of noble metals limit their wide use.
Ceria has been widely utilized as an oxygen carrier owing to the unique redox properties and high oxygen transfer property between CeO 2 and CeO 2-δ , but itself has low oxygen storage capacity (OSC). [19] [20] [21] [22] [23] 
Characterization
Powder X-ray diffraction (XRD) patterns were recorded at room temperature on a M21X diffractometer (MAC Science Co. Ltd., Japan) using Cu K аlpha radiation (λ = 1.541 Ǻ). In situ high-temperature XRD was performed using Mo K alpha radiation The XPS spectra of Mn 2p, Ce 3d and O 1s were used to evaluate their oxidation state in CeO 2-δ @β-MnO 2 , as depicted in Fig. 3 TGA analysis is further used to evaluate the oxygen storage and transfer property of as-prepared samples under various atmospheres (e.g., air, pure N 2 , 5%H 2 /95%Ar), as shown in Fig. 5 and summarized in Table 1 . Fig. 5a shows . The weight loss at lower temperatures for CeO 2-δ @β-MnO 2 could be explained by that CeO 2-δ is easier to release oxygen under inert atmospheres at lower temperature, resulting in quicker oxygen transfer from crystal lattice of β-MnO 2 to CeO 2-δ . [42, 43] The TGA curve of as-prepared samples under flowing 5%H 2 /95%Ar is shown in 
Results and Discussion

